Abstract Schizophrenia is associated with abnormal processing of salient stimuli, which may contribute to clinical symptoms. We used fMRI and a standard auditory threestimulus task to examine attention processing. Target stimuli and novel distractors were presented to 17 patients and 21 healthy controls and activation was correlated with negative and positive symptoms. To targets, patients overactivated multiple regions including premotor cortex, anterior cingulate, temporal cortex, insula, and hippocampus, and also showed attenuated deactivation within occipital cortex. To distractors, patients overactivated left ventrolateral prefrontal cortex. This overactivation may reflect hypersensitivity to salient stimuli in schizophrenia. Patients also exhibited an inverse correlation between negative symptom severity and activation to novel distractors in the dorsolateral prefrontal cortex, premotor area, and ventral striatum. Novelty-induced activity within prefrontal cortex and ventral striatum may represent a useful intermediate phenotype for studies of negative symptoms.
Introduction
Patients with schizophrenia exhibit impairments in executive functions essential for controlled implementation of task demands, including the ability to sustain and focus attention (Braff 1993; Harris et al. 2007; Mathalon et al. 2004) . Schizophrenia is also associated with exaggerated stimulus-induced responses, even when stimuli are taskirrelevant Kapur 2003) . Deficient control of attention and aberrant automatic responses to salience may impair function, by contributing to symptoms and detrimentally affecting cognition (Green 1996; McClure et al. 2007; Prouteau et al. 2004) .
The three-stimulus variant of the classic auditory 'oddball' task probes these different aspects of attention. Against a background of frequent 'standard' tones, rare target tones require the subject to respond, while equally rare novel sounds must be ignored. Successful performance requires the ability to sustain focus on the task and react appropriately to salient stimuli by generating or inhibiting motor responses to targets and novel distractors, respectively. As used here, the term 'salient' refers to the ability of a stimulus to grab attention and/or guide actions (Kapur 2003) . In this context, both target and novel stimuli are salient, but in distinct ways. Targets are salient because of their behavioral relevance to the task at hand, as well as their rarity. Novel stimuli are salient due to their rarity and also because each one has unique and complex perceptual features; they tend to capture attention despite being task-irrelevant. Several recent studies have also interpreted the three-stimulus oddball task within a similar conceptual framework of salience (Laurens et al. 2005; Liddle et al. 2006; Zink et al. 2003 Zink et al. , 2006 .
Electrophysiological event-related potentials (ERPs) have been used extensively to study neural responses during oddball tasks. Response to targets is associated with a prominent P3b component maximal over parietal regions, while novel distractors evoke a prominent fronto-central P3a component (Muller-Gass et al. 2007; Polich 2007; Squires et al. 1975 ). However, both P3a and P3b can occur in response to either targets or distractors (Katayama and Polich 1999; Sawaki and Katayama 2007; Turetsky et al. 1998a) . Functional MRI (fMRI) studies have identified a network of regions normally activated by deviant stimuli, consistent with earlier electrophysiological findings but providing greater anatomical detail. In response to target stimuli, the strongest fMRI activations occur in bilateral temporo-parietal junction (TPJ), but other regions are also activated including: sensorimotor cortex, dorsolateral and ventrolateral prefrontal cortex (PFC), dorsomedial frontal cortex and anterior cingulate; medial temporal lobe (MTL), insula, striatum, thalamus, cerebellum, and midbrain (Gur et al. 2007a; Kiehl et al. , 2005b Liddle et al. 2006; Linden et al. 1999; McCarthy et al. 1997; Menon et al. 1997; Opitz et al. 1999b; Stevens et al. 2000) . Novel distractors activate an overlapping set of regions, with shared activation prominent in TPJ, PFC, MTL, and ventral striatum (Gur et al. 2007a; Kiehl et al. , 2005b Laurens et al. 2005; Opitz et al. 1999a) .
ERP studies assessing neural responses to deviance in schizophrenia have generally shown substantial reductions in both P3a and P3b (Grillon et al. 1990; Mathalon et al. 2000; Turetsky et al. 1998b ). To date, only a few fMRI studies have examined responses to rare target stimuli in schizophrenia (Ford et al. 2005; Kiehl et al. 2005a; Liddle et al. 2006) , and evaluated novel distractors (Gur et al. 2007b; Laurens et al. 2005; Morey et al. 2005) . Regional fMRI activation patterns in response to deviant stimuli are qualitatively similar in patients with schizophrenia and controls. While most studies report a fairly diffuse reduction in response magnitude Kiehl et al. 2005a; Laurens et al. 2005; Liddle et al. 2006 ), some of these same studies identified subthreshold overactivation in specific regions (Kiehl et al. 2005a; Laurens et al. 2005 ; see Discussion for further detail). In our study using a visual three-stimulus oddball paradigm, schizophrenia patients exhibited region-and stimulus-specific alterations. To targets, patients showed decreased activation in superior temporal gyrus, superior frontal gyrus, cingulate, thalamus, basal ganglia; and increased activation in insula, midfrontal gyrus, posterior cingulate, and inferior parietal lobule. To distractors, patients showed underactivation in occipital cortex and inferior parietal lobule, and overactivation in parietooccipital cortex, midfrontal gyrus, and inferior frontal gyrus (Gur et al. 2007b ). This suggests heterogeneity both in terms of brain regions and possibly patient populations, and highlights the need for generalization across sensory modalities. Examining brain activation for an auditory oddball task will help further characterize regional responses to salience in schizophrenia.
The relationship between neural responses to salient stimuli and clinical symptoms is of particular interest. Our recent visual three-stimulus study found that positive and negative symptoms were associated with a distinct set of region-specific and condition-specific correlations (Gur et al. 2007b) . Aside from a recent study relating positive symptoms to 'default-mode' function (Garrity et al. 2007) , clinical correlations with fMRI activity in auditory oddball tasks have not been reported.
We applied the auditory three-stimulus task with fMRI to characterize neural responses to task-relevant or taskirrelevant deviant stimuli. We hypothesized that patients would exhibit abnormal activation in prefrontal regions mediating executive functions, and in temporo-limbic regions involved in elaborated auditory processing and automatic response to salience. We expected activation to all deviant stimuli to be increased in those with more positive symptoms, and decreased in those with more negative symptoms. Finally, we expected divergent responses within the striatum, a key region responding to salience in various contexts, including the auditory oddball task (Zink et al. 2006) . Exaggerated striatal responses in schizophrenia have been related to positive symptoms, and may play a causal role in paranoia and disorganization (Epstein et al. 1999; Gray 1995; Kapur 2003; Laruelle and Abi-Dargham 1999) . Conversely, reduced ventral striatum responsivity is associated with negative symptoms (Juckel et al. 2006b ), possibly contributing to the etiology of anhedonia, apathy, and avolition.
Materials and methods

Participants
The sample included 17 patients and 21 healthy comparison subjects (see Table 1 for demographic and clinical details). All were volunteers at the Schizophrenia Research Center. After complete description of the study, written informed consent was obtained. Participants underwent standard assessment, including medical, neurological, psychiatric, neurocognitive, and laboratory tests. Psychiatric evaluation included a clinical interview, structured interview (SCID-P, First et al. 1996) , and collateral history from family, caregivers and records. Symptom scales were administered by trained investigators (reliability criterion 0.90 intraclass correlation). Patients had a DSM-IV diagnosis of schizophrenia (N=16) or schizoaffective disorder depressed type (N=1), determined by consensus conference based on all available information. Antipsychotic regimens included second generation (N=11), first generation (N=2), combined first and second generation (N=3), and no antipsychotic (N=1). Patients had no history of other disorders or events affecting brain function (including current substance use or any history of substance disorder); controls additionally had no history of major psychiatric illness in firstdegree relatives.
Patients were clinically stable, with mild symptoms at time of study, as assessed with the Scale for the Assessment of Negative Symptoms (SANS, Andreasen 1984a) and Scale for the Assessment of Positive Symptoms (SAPS, Andreasen 1984b ). This sample partly overlaps (seven patients, seven controls) with that reported in Gur et al. (2007b) . There were an additional nine controls and nine patients who were excluded from the analysis for the following reasons: inadequate performance (≤66% accuracy, one control and three patients), excessive motion (one control, three patients), technical problems with data acquisition (seven controls, three patients). Excluded and included participants did not differ significantly in age, gender, handedness, education, or parental education.
Task
Three auditory stimulus types were presented binaurally via fMRI-compatible headphones: frequent standard tones (1,000 Hz), infrequent target tones (2,000 Hz), and novel stimuli consisting of unique environmental sounds (generally unrecognizable due to brevity). In total, 200 stimuli were presented: 140 standard, 30 target, 30 novel. Each stimulus lasted 150 ms with a 1.85 s inter-stimulus interval, giving a total run time of 400 s. The average interval between deviant stimuli (novel or target) was 6.5 s. The order of stimuli classes was pseudorandomized. Stimulus intensity was 70 dB SPL; subjects reported no difficulties hearing the stimuli during scanning.
Subjects were placed in the scanner supine, and head fixation ensured by a foam-rubber device mounted on the head coil. Subjects responded to targets by pressing a single button of a response pad (FORP™, Current Design Inc., Philadelphia, PA, USA); the hand used was randomly assigned. Button presses and response latencies were recorded. No response was required for standard or novel stimuli (therefore, reaction time measures are available only for targets). Subjects visually fixated on a central crosshair throughout the run.
Image acquisition Functional blood-oxygen-level-dependent (BOLD) data were acquired on a 4T GE Signa Scanner (Milwaukee, WI), with a quadrature head coil. Axial slices were obtained starting at the inferior aspect of the temporal lobes extending superiorly to the hand-motor area of the primary motor cortex. A multislice gradient-echo echo planar sequence was used, with FOV 240 mm (frequency) × 150 mm (phase), acquisition matrix 64×40 (22 slices, 4 mm thickness, 0 slice gap, TR 2,000 ms, TE 21 ms), providing nominal voxel resolution of 3.75×3.75×4.0 mm. Functional images were corrected for residual geometric distortion (Jezzard and Balaban 1995) , based on a magnetic field map acquired with a one-minute reference scan. Whole-brain structural images were obtained with T1-weighted axial slices (FOV 240×240 mm, matrix 256 X256, voxel size 0.94×0.94×4.0 mm).
Image processing
The fMRI data were preprocessed and analyzed using FEAT (FMRI Expert Analysis Tool, v. 5.63), part of FSL (FMRIB's Software Library, www.fMRIb.ox.ac.uk/fsl). Images were motion corrected to median time point reference using tri-linear interpolation, and corrected for slice-timing variations. Non-brain areas were removed using BET (Smith 2002) . Images were high-pass filtered (60 s cutoff), spatially smoothed (8 mm FWHM Gaussian isotropic kernel), and grand-mean scaled. The median functional image was transformed by trilinear interpolation into standard anatomical space (Jenkinson et al. 2002; Jenkinson and Smith 2001) using the T1 Montreal Neurological Institute (MNI) template; resultant transformation parameters were later applied to subject-level statistical images prior to group-level analyses. Preprocessed 4D timeseries were converted to percent-change from the mean and visually inspected to identify significant artifacts (Culham 2006) ; artifactual scans were smoothed by interpolation to adjacent timepoints (ArtRepair v.2, Paul Mazaika 2006).
Statistical analysis
Subject-level general linear model timeseries analysis was performed using FILM (FMRIB's Improved Linear Model) with local autocorrelation correction (Woolrich et al. 2001) . Novel and target conditions were each modeled with a canonical (double-gamma) hemodynamic response function and its temporal derivative. The primary contrasts of interest were target vs. standard baseline and novel distractor vs. standard baseline. The design matrix also included 6 motion parameters derived from motion correction, to reduce residual motion effects. Groups did not differ significantly in head motion. Subject-level statistical maps were transformed into MNI space and resampled to 2 mm isotropic voxels. Group-level random effects analyses were also performed in FSL, using FMRIB Local Analysis of Mixed Effects (FLAME 1 + 2; Beckmann et al. 2003; Woolrich et al. 2004 ) during estimation of statistical significance. Within-group analyses used one-sample t-tests on whole brain contrasts. Betweengroup analyses used two-sample t-tests. In order to limit type I and type II errors and improve interpretability of observed differences, between-group analyses were restricted to those voxels showing a significant (voxelwise twotailed p<.05 uncorrected) within-group effect in either group for either condition. To assess the relationship of fMRI BOLD activation to clinical symptoms in patients, separate group-level covariate analyses were performed for each condition (target, novel) and each scale (total SANS, total SAPS). Covariate analyses were restricted to the same set of task-regulated regions used for between-group analyses. Total SANS scores used in the covariate analysis included items from the attention subscale; however, the across-subject correlation of total SANS scores with the attention items and the total SANS scores without these items is 0.99. Therefore, correlation results are not affected by the choice to include or exclude the attention items.
For all analyses, statistical significance was determined by requiring contiguous clusters of sufficient size to provide a p<0.05 family-wise error rate, thereby correcting for multiple comparisons across many voxels (Forman et al. 1995) . The cluster-size cutoff was determined using Monte Carlo simulation (AlphaSim, D. B. Ward, http://afni.nimh. gov/pub/dist/doc/manual/AlphaSim.pdf) within the relevant mask. Voxelwise height thresholds for inclusion in a cluster varied by analysis, with values chosen to limit type II error while providing adequate protection against type I errors. For within-group comparisons, this voxel height threshold was p<0.002, uncorrected. For between-group comparisons and covariate analysis of symptom scales, which have less statistical power, voxel height threshold was p<0.05 uncorrected. For these analyses, p values used for voxel height thresholds were two-tailed, to conservatively account for the analysis of bidirectional effects (activations and deactivations; control vs. patient differences; positive and negative correlations).
Given the a priori hypotheses regarding the relationship of positive and negative symptoms to striatal activation, and the reduced sensitivity of whole-brain analysis for small subcortical structures, we performed a separate statistical analysis focused only on the striatum. The bilateral striatal region of interest (ROI, 4029 2 mm isotropic voxels, 32,232 mm 3 volume) mask was obtained in MNI space from the Automated Anatomical Labeling (AAL) atlas provided with WFU PickAtlas (Tzourio-Mazoyer et al. 2002) . Because the a priori hypotheses in striatum were directional, we use a one-tailed voxelwise statistical test, with p<0.05 uncorrected as a voxel height threshold, again using cluster correction for multiple comparisons, with cluster p<0.05. A smaller (4 mm) spatial smoothing kernel was used to increase sensitivity for effects anticipated to be of small spatial extent; otherwise, all procedures were as described above.
Results
Behavioral performance
As expected, both patients and controls achieved high accuracy, without significant group differences (Table 2) . Patients had longer response times to target stimuli, as is typically observed (Kiehl et al. 2005a; Liddle et al. 2006 ).
Within-group activation patterns
Target compared to standard baseline Functional maps for the target condition were qualitatively similar for controls and patients ( Fig. 1 and Table 3) , with activation patterns consistent with previously published reports (Kiehl et al. , 2005a Liddle et al. 2006; Linden et al. 1999; Menon et al. 1997; Opitz et al. 1999b; Stevens et al. 2000) . Both groups Fig. 1 Within-group BOLD responses to target and novel stimuli. Target-induced (top) and novel-induced (bottom) activations (red) and deactivations (blue) in the control group and schizophrenia group. Z statistic maps are thresholded at Z>3.09 (two-tailed p<0.002, uncorrected), and overlaid on the MNI template brain. Axial slices are labeled with corresponding MNI zcoordinates: −14, 0, +14, +28, +42. Right side of brain is displayed on left side of image 
Novel compared to standard baseline
In the novel condition, again controls and patients exhibited a similar regional pattern of response ( Fig. 1 and Table 3) , consistent with the literature (Kiehl et al. , 2005a Laurens et al. 2005; Opitz et al. 1999a ). Both groups activated the superior and middle temporal gyri (extending from TPJ to temporal pole); dorsal and ventral lateral frontal cortex; and right ventral striatum. Controls, but not patients, had significant activation in bilateral MTL, thalamus, pallidum, and right midbrain. Patients, but not controls, had significant activation in bilateral insula. Controls exhibited significant deactivation in right occipital cortex; patients did not show any significant deactivations.
Between-group contrasts
Direct comparison of the two groups did not identify any regions where controls had significantly greater activation than patients to targets or novel stimuli. In contrast, a number of regions showed significantly higher activity in patients ( Fig. 2 and Table 3 ). For the target condition, this included regions where both groups activated (but patients more so): bilateral posterior superior temporal gyrus, bilateral insula, left hippocampus, anterior cingulate, left premotor cortex. Significantly greater BOLD signal was also seen in patients in right occipital cortex due to less deactivation in patients than controls. For the novel condition, patients showed greater activation than controls in left ventrolateral prefrontal cortex (VLPFC). These results were not significantly affected by including reaction time, education, or parental education (the only demographic or performance which differed significantly between groups) as nuisance covariates.
Correlations with clinical symptoms
Additional analyses were performed in patients to identify brain regions whose activity during the target or novel conditions covaried with severity of negative or positive symptoms. A single significant cluster in the left frontal cortex exhibited a negative correlation of novel-induced BOLD signal with SANS scores (Fig. 3) , indicating lower levels of activation in patients with more severe negative symptoms. Based on the a priori hypothesis that striatum would be less responsive to salient stimuli in patients with more severe negative symptoms, and more responsive in those with greater positive symptoms, we performed an additional analysis restricted to the striatum. Two significant clusters exhibiting the predicted inverse correlation between the novel BOLD response and negative symptoms were seen in bilateral ventral striatum within the nucleus accumbens ( Fig. 3 ; left: 63 voxels, peak Z 2.26, MNI −6, 16, −2; right: 62 voxels, peak Z 2.51, MNI 12, 16, −4). However, no significant negative correlations with SANS were found for the striatal BOLD response to target stimuli, nor were significant positive correlations with SAPS identified.
Of note, SANS scores were not significantly correlated with other clinical or demographic variables, or with motion during scanning. Including antipsychotic dose (chlorpromazine equivalents) or type (first-generation antipsychotic present or absent) as nuisance covariates did not significantly alter the observed clinical correlation results, or the findings from the within-group and between-group task-activation analyses. Fig. 3 Negative correlation between SANS and fMRI activation in novel condition. Patients with greater negative symptoms show lower activation by novel stimuli in left dorsolateral frontal cortex (upper panels) and bilateral ventral striatum/nucleus accumbens (lower panels). Only significant clusters are displayed (cluster-corrected p< 0.05). Voxel height thresholds for inclusion in clusters were p<0.05 two-tailed uncorrected for bidirectional whole-brain analysis (upper panels), and p<.05 one-tailed uncorrected for the directional analysis restricted to the a priori striatal ROI (lower panels, ROI shown in yellow). Color bars show correlation coefficients (r values) corresponding to the regression Z statistics. Right side of brain is displayed on left side of image. Scatter plots show total SANS score on x-axis; y-axis shows percent signal change in the peak voxel in the left frontal cluster (top, MNI −48, 14, 38, Pearson's r −0.65, p=0.005, two tailed) and left ventral striatum cluster (bottom, MNI −6, 16, −2, Pearson's r −0.57, p=0.008, one-tailed). MFG middle frontal gyrus, VSTR ventral striatum, SANS Scale for the Assessment of Negative Symptoms Fig. 2 Between-group differences in BOLD response to target and novel stimuli. Clusters with significant between group differences in target (left) and novel (right) conditions (cluster-corrected p<0.05, voxel height threshold p<0.05 two-tailed uncorrected) are overlaid on the MNI template brain. For target condition, images are centered at MNI −58, 0, 24; for novel condition at MNI −44, 28, −8. There were no significant control > patient clusters. Right side of brain is displayed on left side of image. AC anterior cingulate, VLPFC ventrolateral prefrontal cortex, MOG middle occipital gyrus, INS insula, PCG precentral gyrus
Discussion
Our results replicate prior fMRI studies describing the regional pattern of neural responses to task-relevant and task-irrelevant salient auditory stimuli in healthy controls (Kiehl et al. , 2005b Linden et al. 1999; Menon et al. 1997; Opitz et al. 1999a, b; Stevens et al. 2000) . We also confirm prior reports that schizophrenia patients exhibit a regional pattern qualitatively similar to that of controls Kiehl et al. 2005a; Laurens et al. 2005; Liddle et al. 2006) . Our findings extend knowledge regarding abnormal responses to deviant stimuli in schizophrenia by identifying region-specific overactivation, as well as attenuations in deactivation observed in controls. Further, we show that patients with more severe negative symptoms have reduced neural responses to novel distractors in both frontal executive regions and limbic motivational regions.
Increased BOLD responses to deviant stimuli in schizophrenia
The observed overactivation in response to deviant stimuli is consistent with our finding with a visual oddball paradigm (Gur et al. 2007b) , and supports the hypothesis that schizophrenia patients are hyperresponsive to salience (Kapur 2003) . This may be a direct consequence of the illness, but may also reflect other factors associated with schizophrenia, such as increased arousal or anxiety in response to task demands or fMRI scanning. Although schizophrenia is associated with impaired frontal lobe function, this does not necessarily translate into hypoactivation during task performance. For target detection, many of the same frontal regions that were most robustly activated by targets in the control subjects were overactivated in patients, including the anterior cingulate and premotor cortex. In fMRI studies of working memory tasks, similar frontal overactivation has been found in circumstances where schizophrenia patients perform as well as controls, and has been interpreted as reflecting inefficient neural processing (Callicott et al. 2000) .
In response to novel stimuli, patients overactivated the VLPFC. This region is associated with response inhibition (Blasi et al. 2006; Menon et al. 2001) , an important part of successful task performance in the face of salient distractors. Overactivation in this region could reflect inefficiency in frontally-mediated response inhibition; alternatively, it could reflect a greater demand for response inhibition secondary to a stronger automatic response to the novel stimuli. This latter hypothesis is consistent with behavioral and electrophysiological evidence that patients have difficulty ignoring irrelevant stimuli (Gray 1995; Grillon et al. 1990 ). On the other hand, as BOLD responses were not increased in subcortical regions, our data does not fully support this hypothesis.
We found increased activation in patients for both target and novel stimuli, with no regions showing the reverse effect of greater activation in controls. However, this does not reflect global hyperactivation in patients, as several regions tended towards greater activation in control subjects. Few fMRI studies have compared schizophrenia patients and healthy controls using an oddball task (Ford et al. 2005; Gur et al. 2007b; Kiehl et al. 2005a; Laurens et al. 2005; Liddle et al. 2006; Morey et al. 2005) . In contrast to our findings, the majority of these have described diffuse reductions in activation magnitudes in the patient group, to both target Kiehl et al. 2005a; Liddle et al. 2006; Morey et al. 2005 ) and novel (Kiehl et al. 2005a; Laurens et al. 2005) stimuli. However, some of these earlier studies report subthreshold overactivation, suggesting that divergent results may stem partly from limitations in statistical power. For example, Kiehl et al. (2005a) reported subthreshold target-induced overactivation in patients in bilateral ventral PFC and precentral gyrus, and Laurens et al. (2005) found overactivation to novel stimuli in the supplementary motor area. Population differences in terms of illness phenotype, severity, or performance, or differences in imaging acquisition, processing or statistical analysis, could also be important factors.
In our parallel study of response to visual deviants in schizophrenia (Gur et al. 2007b) , both overactivated and underactivated regions were identified in both target and novel conditions. However, underactivation was more prominent for targets while overactivation was more prominent only for novel distractors. While left VLPFC overactivation to novel distractors was common to both auditory and visual paradigms, other regional abnormalities diverged. This suggests the nature of abnormal neural responses to deviant stimuli, particularly targets, differs based on sensory modality, which might be illuminated by direct comparisons within the same subjects. Indeed, ERP studies demonstrated differential P300 deficits during auditory vs. visual processing within the same subjects (Mathalon et al. 2000; Pfefferbaum et al. 1989 ). The auditory system may have unique vulnerabilities in schizophrenia, due to structural deficits throughout the temporal lobe (Kuroki et al. 2006) . However, the observed fMRI overactivation stands in contrast to reductions in P300 ERP responses for both targets and distractors, typically observed in schizophrenia (Mathalon et al. 2000; Turetsky et al. 1998b) . This argues against a simple correspondence of P300 and BOLD responses, and points to the need for further studies examining their relationship within the same samples.
Deactivations
In the healthy control group, we observed deactivation (negative BOLD responses relative to baseline) to target stimuli within ventromedial prefrontal cortex, posterior cingulate, and extrastriate visual cortex. Patients did not exhibit significant deactivations, and had statistically significant reductions in deactivation within right occipital cortex.
The ventromedial prefrontal cortex and posterior cingulate are major components of the "default-mode network," believed to mediate spontaneous self-reflective mental activity (Greicius et al. 2003; Mason et al. 2007; Raichle et al. 2001) . Deactivation is commonly observed in these regions during tasks (such as target detection) that require outwardly focused attention. It is therefore surprising that few fMRI studies of the oddball task (Calhoun et al. 2006; Garrity et al. 2007; Gur et al. 2007a; Stevens et al. 2000) have reported deactivation to target stimuli. Some earlier studies may have excluded deactivations from analysis, as decreases in BOLD signal have traditionally been considered more difficult to interpret than increases. However, recent evidence supports the interpretation of deactivations as a decrease in neural activity (Pasley et al. 2006; Shmuel et al. 2002) .
While extrastriate visual cortex has not been described as part of the 'classic' default-mode network, similar restingstate activity has been reported there (Damoiseaux et al. 2006) . Crossmodal deactivation has been observed in visual cortex during auditory stimulation and in auditory cortex during visual stimulation, revealing an attentional mechanism that inhibits task-irrelevant sensory modalities (Amedi et al. 2005; Laurienti et al. 2002) . Attenuated occipital deactivation in schizophrenia patients may thus reflect impairment of this attentional mechanism, leading to greater distractibility from task-irrelevant sensory inputs. Whether this reflects a specific deficit in crossmodal inhibition, or an effect of generalized arousal is unclear; anxiety has been shown to reduce task-related deactivations in ventromedial PFC (Simpson et al. 2001) .
Three recent studies also report attenuated deactivation in schizophrenia patients, related to performance and symptoms (Garrity et al. 2007; Harrison et al. 2007; Menzies et al. 2007 ). These findings justify greater attention to deactivations as a potential window into the pathophysiology of schizophrenia.
Relationship of fMRI activation to clinical symptoms
Greater negative symptoms were associated with reduced BOLD responses to novel stimuli within the left DLPFC, left premotor cortex, and bilateral nucleus accumbens. To our knowledge, only one other fMRI study has examined the relationship of positive and negative symptoms to neural responses in an auditory oddball task (Garrity et al. 2007) , identifying a correlation between positive symptoms and task-induced deactivation. However, this study used a different statistical method (independent components analysis), and only examined brain regions within the 'defaultmode' network. Therefore, the current results should be considered tentative until replicated.
Frontal lobe hypofunction has been thought to underlie negative symptoms of schizophrenia (Andreasen et al. 1992; Ho et al. 2003; Liddle et al. 1992; Mahurin et al. 1998) , consistent with the apathy and avolition often observed following traumatic frontal lobe injury (Andersson and Bergedalen 2002) . More recently, hypofunction in the ventral striatum during reward or emotion processing has also been linked to negative symptoms in schizophrenia (Juckel et al. 2006b; Taylor et al. 2005) . The ventral striatum plays a key role in reward and motivation, and reduced function in this region has been linked to avolition and anhedonia in depression (Epstein et al. 2006; Keedwell et al. 2005) . We demonstrate that reduced ventral striatum activation in schizophrenia occurs in response to novelty, not just to rewarding or emotional stimuli, consistent with a broad view of this region's role in responding to salience (Berridge and Robinson 1998; Jensen et al. 2006; Lisman and Grace 2005; Zink et al. 2006) . Ventral striatum hypofunction could play a causal role in the initiation, maintenance, or progression of negative symptoms, and represents a promising intermediate phenotype for future study.
The lack of significant correlations in the target condition suggests that negative symptoms may affect responses to task-irrelevant stimuli more than task-relevant stimuli. Perhaps task-relevant stimuli produce a stronger salience signal that is less vulnerable to the attenuating effects of negative symptoms. Alternatively, negative symptoms may be specifically related to difficulty recruiting additional attentional resources in the face of increased distraction (Silver and Feldman 2005) . Notably, in subjects with frontal lobe injury, behavioral and P300 ERP responses to novel stimuli were more reduced in those with greater apathy; this was not seen for target stimuli (Daffner et al. 2000) . A recent study of apathy in schizophrenia did not show behavioral changes selective for novel stimuli, suggesting imaging may be more sensitive to novelty related abnormalities (Roth et al. 2008 ).
We did not find evidence to support our hypothesis that positive symptoms would be related to greater neural responses to deviant stimuli. While we expect positive symptoms would increase the salience of sensory experience, this effect is potentially opposed by increased preoccupation with internal stimuli that may simultaneously tend to reduce neural responses to external stimuli. This phenomenon has been demonstrated for auditory process-ing of external speech sounds in patients with hallucinations (Plaze et al. 2006) . Attentional processes, even in response to simple targets or novel distractors, may also be sufficiently complex that tasks isolating finer subcomponents of attention would be better able to reveal effects of positive symptoms.
Limitations and future directions
Patients in this study had mild symptoms; more severe symptoms might have had a greater effect on activation patterns. This limited severity range may also have contributed to the lack of significant correlations with positive symptoms. However, the significant findings with respect to negative symptoms demonstrate that even in the mild range, BOLD responses can significantly predict symptom severity. Sample size may also have limited our ability to fully characterize the clinical correlations; using a visual paradigm and a larger sample, region-specific correlations in both directions were found in response to both target and novel stimuli (Gur et al. 2007b) . Clinical heterogeneity within our sample (with respect to medication status and type, duration of illness, and the inclusion of a patient with schizoaffective disorder, depressed type) could potentially limit our ability to detect effects compared to a more homogenous sample. While grouping symptoms into positive and negative domains has both clinical and statistical validity (Andreasen 1984a, b) correlations with specific symptoms could be obscured. Future studies may reveal stronger, or more distinctive relationships between specific symptoms and responses to salient stimuli.
Medication effects constitute another potential confound. VS activation during reward anticipation can be reduced by both first-and second-generation antipsychotics (Abler et al. 2007; Juckel et al. 2006a ). This effect may be stronger for first-generation antipsychotics, and an inverse correlations between negative symptoms and VS activity during reward anticipation was observed in schizophrenia patients taking first-generation antipsychotics but not those on second-generation medications (Juckel et al. 2006a; Schlagenhauf et al. 2008 ). In the current study, sample size was too small for a meaningful separation of patients into those who did and did not use typical antipsychotics; however the relationship between negative symptoms and ventral striatum hypoactivation remained significant when typical antipsychotic use was included as a binary covariate. Controlling for antipsychotic dose also did not alter the observed group differences or clinical correlation results. While these observations reduce the likelihood that our results are influenced by medication effects, larger studies directly comparing groups with different medication status will be required to resolve this issue definitively.
A weakness of the BOLD fMRI method is that it provides only relative measures of activation, which precludes the assessment of differences in baseline levels of activity. Use of a second lower-level baseline such as crosshair fixation would provide further information; combining fMRI and perfusion MRI could prove even more powerful (Canli et al. 2006 ).
Conclusion
Our results provide information on the regional brain response to a standard auditory attentional task, separating responses to targets and distractors. We found similar activation patterns in patients and healthy controls, but patients showed overactivation in specific regions for both targets and distractors and failed to show deactivation observed in controls. Furthermore, reduced magnitude of activation responses to novel stimuli in left DLPFC, left premotor cortex, and bilateral nucleus accumbens was associated with greater severity of negative symptoms. These findings may yield additional insights into both normal and aberrant responses to salient stimuli in schizophrenia, and point the way toward new avenues of investigation.
